In coastal areas, reef-builder worms often are bio-engineers by structuring their physical and biological environment. Many studies showed that this engineering role is determined by the densities of the engineer species itself, the highest densities approximately corresponding to the most stable areas from a sedimentological point of view, and hosting the richest and the most diverse benthic fauna. Here, we tested the potential influence of the spatio-temporal dynamics and the spatial fragmentation of one of the largest European intertidal reefs generated by the marine worm Lanice conchilega (Pallas, 1766) (Annelida, Polychaeta) on the associated benthic macrofauna. We demonstrated that the worm densities do have a significant positive role on the abundance, biomass, species richness and species diversity of the benthic macrofauna and that the reef stability also significantly influences the biomass and species diversity. Moreover, the reef fragmentation has significant negative effects on the abundance, biomass and species richness. In addition to L. conchilega densities, the stability and the spatial fragmentation of the reef also significantly structure the associated benthic assemblages. This study demonstrates the interest of "benthoscape ecology" in understanding the role played by marine engineer species from a spatial point of view.
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Introduction
If landscape ecology has been traditionally restricted to terrestrial systems (Hinchey et al., 2008) , few authors have demonstrated the interest of this discipline for marine systems (e.g. Robins and Bell, 1994; Garrabou et al., 1998; Teixidó et al., 2002; Zajac et al., 2003) . In 2008, in a special issue of Landscape Ecology on marine and coastal applications in landscape ecology, the interest of this discipline for benthic systems has been highlighted through the concept of "benthoscape ecology" (Zajac, 2008) . Benthoscape ecology is an application of Landscape Ecology to the benthic compartment, using remote sensing methods adapted to the marine realm (mainly sonar or aerial photogaphs and satellite imagery for intertidal or shallow-water areas) to identify and delineate different seascape units at the bottom of the ocean. These spatial units are then quantified using geometric or topological indices (McGarigal et al., 2002) and can be linked with ecological patterns or processes. Such an approach has potential for studying benthic habitats that can be easily mapped and monitored, including intertidal structured habitats (Godet et al., 2009a) . Here, we used this method to understand the importance of spatiotemporal characteristics on the benthic biodiversity associated with an intertidal worm-reef.
Lanice conchilega (Polychaeta, Terebellidae) is a widespread marine species over Europe (Fauvel, 1927; Holthe, 1986) which occurs locally in high densities from a few hundreds to several thousands individuals per square metre (see Buhr and Winter, 1976) , both in intertidal and subtidal areas. The habitats structured by L. conchilega are named L. conchilega aggregations (e.g. Zühlke, 2001) , L. conchilega beds (e.g. Godet et al., 2008) or L. conchilega reefs (e.g. Rabaut et al., 2009) . At high densities, the species is considered as an "engineer species" (sensu Jones et al., 1994) because it has a structuring effect both on the physical and the biological compartments . Above a threshold density, current velocities decrease within the aggregations, deposition of fine sediment particles is facilitated (Friedrichs et al., 2000) and the species produces its own sedimentary structures constituted of mounds and depressions (Carey, 1987; Féral, 1989) . The presence of L. conchilega aggregations is also positively correlated with the abundance and the specific richness of the associated macrofauna (Zühlke et al., 1998; Zühlke, 2001; Callaway, 2006; Rabaut et al., 2007; Van Hoey et al., 2008) . Rabaut et al. (2007) recently developed the concept of a Russian-doll-like organisation pattern of the associated benthic communities: they found that similarity between individual samples of benthic macrofauna increases as the densities of L. conchilega increase as L. conchilega tends to restructure the species assemblages by expanding the available niche of several species.
Until now, the previous studies on the relationship between this engineer species and its physical and biological environment essentially focused on the influence of the densities of L. conchilega itself. No studies tested the potential influence of the stability of the reefs and their spatial structures on the associated fauna. In this paper, we tested together the potential influence of: (1) L. conchilega densities in the reef, (2) stability of the reef, (3) spatial structures of the reef both on: (1) the abundance, biomass, species richness and species diversity of the associated benthic macrofauna, and (2) the structure of the macrozoobenthic assemblages.
Methods

Study site
We selected one of the largest intertidal Lanice conchilega reefs in Europe, located in the Bay of Mont-Saint-Michel (BMSM), France (Fig. 1) . The Bay is subjected to an extreme megatidal regime (tidal range up to 15.5 m during spring tides). Combined with very low beach slopes, the tides provide large intertidal sandflats, covering more than 250,000 ha. The study was carried out on the main reef of L. conchilega in the BMSM, close to the main reef of Sabellaria alveolata, which is located in the central part of the bay. The sedimentary environment of the bay is mainly controlled by tidal residual current patterns, typically characterized by an anticyclonic gyre off Cancale (NW of the Bay), a large cyclonic gyre around the Channel Islands and reduced drift of water masses to the north along the coast of Normandy. Gyres are partly disrupted under high wind velocity (Bonnot-Courtois et al., 2002) . The reef of L. conchilega is located at the edge of the two juxtaposed hydrosedimentary systems, i.e. where the roughness is strongest. The central part of the bay is characterized by high bioclastic content (25e95%) and shows a gradual decrease in mean grain size from the subtidal to the intertidal zone (Bonnot-Courtois et al., 2004; Billeaud et al., 2007) . In this area, the tidal flat is mainly formed by very fine sand to coarse carbonate-rich sand, with superficial deposits of silt. Sedimentation rates are higher (3e25 mm year À1 )
in the intertidal zones and tend to decrease seawards.
Reef mapping
The reef was mapped on a Geographical Information System (GIS) (Arcview 3.2, ESRI, Redlands, CA, USA) via photo-interpretation processing (see Godet et al., 2008) . The 1:10,000 colour aerial photographs come from surveys carried out in 1973, 1982, 2002 and 2008 by the French Geographic Institute (IGN). Each date corresponds to a specific map and to a specific layer in the GIS. The high quality of aerial photographs allowed for an accurate manual mapping of the reefs even without geoprocessed methods by an operator with a strong field control based on Ground Control Point acquisition 
(dGPS). Densities of Lanice conchilega from AE250 ind m À2 can be detected on such aerial photographs (Callaway et al., 2010) , so that the areas with densities equal or higher to this threshold were mapped as L. conchilega reef. All output maps are to a scale of 1:10,000 even if we zoomed up to 1:1,000 for the mapping process.
Quantifying stability
For a given ecological system, different types of stability can be distinguished (Callaway et al., 2010 ; modified from Grimm et al., 1999) : constancy (the duration a system remains essentially unchanged); resistance (the capacity of a system to remain unchanged despite the presence of disturbance which could potentially change the system); resilience (the property to return to a reference state after a disturbance); and persistence (the property of a system to exist over long periods of time, and, contrary to the constancy, even with intermittent absence). Here, we quantified the stability of the reef through its persistence from 1973 to 2008. The four 1:10,000 maps of the reef (1973, 1982, 2002, 2008) were superimposed as different layers in the GIS to distinguish between seven levels of stability (Table 1 ) resulting in a 'stability map'. Then, this 'stability map' was divided into cells of 1 ha, and for each cell a 'stability index' was computed (stability index ¼ % of the cell covering a specific stability level Â specific level number). For example, in a cell for which 20% is covered by a stability index of 2 and 80% of a stability index of 5, its stability index will be: 20 Â 2 þ 80 Â 5 ¼ 440. This index thus ranges theoretically from 0 (0 Â0 ¼ no Lanice conchilega reef present in the cell from 1973 to 2008) to 700 (100 Â 7 ¼ L. conchilega reef covering the full cell in 1973, 1982, 2002 and 2008) .
Quantifying L. conchilega densities
Lanice conchilega densities were examined within the reef in 2005, 2006, 2007 and 2008 . Densities were estimated by taking numerical pictures of three 0.25 m À2 random quadrats in the middle of the 1 ha cells of the same grid used to quantify the stability of the reef. The number of intact tube-tops was counted on the pictures; the number of tube-tops is highly correlated with the number of individuals burrowed in the sediment (Ropert and Dauvin, 2000; Strasser and Pieloth, 2001; Zühlke, 2001; Callaway, 2003; Bendell-Young, 2006 ) and the error associated does not exceed 3% (Ropert, 1999) .
Quantifying spatial structures
The spatial structures of the reef were examined with the 2008 map. In this map, two classes were considered: Lanice conchilega reef and sand. Spatial metrics were calculated only for the L. conchilega class within the cells of the same 1 ha grid used to quantify the stability of the reef. The same process was then performed for three different spatial extents: 0.75 ha, 0.50 ha and 0.25 ha cells (with the same cell centres). For each cell, and for each spatial metric, we calculated a mean metric for the three spatial extents. Calculations of spatial metrics were performed using the public domain software FRAGSTATS version 3.3 (McGarigal et al., 2002) . While FRAGSTATS provides a large number of spatial metrics, we selected a subset of them (Table 2) . We selected these metrics because: (1) they are not correlated with each other, (2) they correspond both to geometric and topologic indices, (3) their interpretation is easy and corresponds to ecological realities.
Sampling, sorting, identifying and weighting benthic macrofauna
Benthic macrofauna was sampled along the same 1 ha grid used to quantify the stability of the reef, but only one out of every two stations of each row of the grid was sampled þ every station with Lanice conchilega densities !200 ind m À2 in 2008 (i.e. 80 stations).
In each station, one core was collected (1/40 m À2 , 30 cm deep).
Benthic samples were sieved in the field through a 1 mm mesh size and the biological material retained was then directly preserved in 4.5% buffered formalin. Once in the laboratory, samples were sorted and macrozoobenthos was identified to the highest taxonomic separation possible, usually species level. The values of the species richness (S), total abundance (N) and species diversity (H 0 ) were calculated from the final macrozoobenthic database, excluding the species L. conchilega itself. Total biomasses were estimated by weighting their dry weight (60 C for 48 h). The ash-free dry weight (AFDW) was calculated as a difference between the dry weight and the ashes (500 C for 3 h).
Statistical analysis
All the statistical analyses were performed with R version 2.10.0 (R Development Core Team, 2009) .
The relation between (1) biodiversity indices (abundance, biomass, species richness and species diversity of the benthic ) of all patches of the corresponding patch type, divided by 10,000 (to convert to hectares).
The area covered by the reef.
Patch density (pd)
Number of patches of the corresponding patch type divided by total landscape area (m 2 ), multiplied by 10,000 and 100 (to convert to 100 ha).
(n i /A) Â (10,000) Â (100) n i , Number of patches in the landscape of patch type (class) i. A, total landscape area (m 2 ).
A simple measure of the reef fragmentation.
Mean perimeter-area fractal dimension (frac)
Two times the logarithm of patch perimeter (m) divided by the logarithm of patch area (m 2 ); the perimeter is adjusted to correct for the raster bias in perimeter.
(2 ln(0.25 p ij ))/(ln a ij ) p ij , Perimeter (m) of patch ij. a ij , area (m 2 ) of patch ij.
A measure of the degree of complexity of L. conchilega patch forms.
Patch cohesion index (coh)
1 minus the sum of patch perimeter (in terms of number of cell surfaces) divided by the sum of patch perimeter times the square root of patch area (in terms of number of cells) for patches of the corresponding patch type, divided by 1 minus 1 over the square root of the total number of cells in the landscape, multiplied by 100 to convert to a percentage.
p ij , Perimeter of patch ij in terms of number of cell surfaces. a ij , area of patch ij in terms of number of cells. A, total number of cells in the landscape.
A measure of the physical relationship between each patch of L. conchilega. macrofauna), and (2) L. conchilega densities, spatio-temporal index, and spatial metrics, were analysed with multiple linear regression models. The best linear models were selected with the "regsubsets" function of the R package "leaps" which plots a measure of fit against subset size (see Miller, 2002) . In other words, regsubsets is an algorithm that enables to select the best combination of factors that best 'explains' the variance of a variable.
To test the influence of Lanice conchilega densities, spatiotemporal index, and spatial metrics on macrozoobenthic assemblages, we used the R "MASS" and "vegan" packages. After a log (x þ 1) transformation of the macrozoobenthic matrix, non-metric multidimensional scaling ordinations (nMDS) were performed after a computation of a BrayeCurtis similarity matrix, using the "metaMDS" function of the "MASS" packages (Oksanen, 2009) . The "envfit" function ("vegan" package) was used to test the influence L. conchilega densities (log (x þ 1) transformed, as macrozoobenhtic abundances), spatio-temporal index and spatial metrics of the macrozoobenthic asemblages (Oksanen, 2009) . Factors were then plotted on the nMDS with the function "ordisurf" of the "vegan" package (Oksanen, 2009 ).
Results
Spatial and biological characteristics of the reef
In 2008, the reef covered 105 ha (Fig. 2) (AEsd 36.22) without the species L. conchilega. One single benthic assemblage was identified (average similarity of the assemblage based on a Bray-Curtis similarity matrix, after a log(x þ 1) transformation: 49.70%), dominated by the two bivalve species Macoma balthica (occurrence: 100%) and Cerastoderma edule (70%), and the two polychaetes Nephtys hombergii (96%) and L. conchilega (90%).
Influence of reef stability and spatial characteristics of the reef on the macrozoobenthic biodiversity
Lanice conchilega densities are positively correlated with macrozoobenthic abundance, biomass, species richness and diversity (Table  3) . Reef stability is positively correlated with macrozoobenthic species diversity, and negatively correlated with biomass. Patch density is negatively correlated with macrozoobenthic abundance, biomass and species richness.
3.3. Influence of stability and spatial characteristics of the reef on the macrozoobenthic assemblage structure
The fitting factors (R 2 > 0.25) most explaining the macrozoobenthic assemblage structure are the stability of the reef, Lanice conchilega densities, then the total area index (R 2 ¼ 0.17), the cohesion index (R 2 ¼ 0.16), and, finally, the fractal dimension index (R 2 ¼ 0.08) ( Fig. 3; Table 4 ).
Discussion
Dense, stable and non-fragmented reefs host a higher biodiversity
The first new result comes from the positive effect of the stability of the reef on the species richness. This agrees with Zühlke (2001) , Toupoint et al. (2008) and Godet et al. (2009b) demonstrating the low resilience of the macrozoobenthic assemblages associated with Lanice conchilega reefs. However, regression or disappearance of L. conchilega reefs e even for a short time e involves a rapid biodiversity loss, even if benthic fauna is able to recover quickly after a perturbation of a L. conchilega reef Callaway et al., 2010) . These previous studies had suggested that the biodiversity associated to the reef could be controlled by the stability of the reef itself, and probably more by the constancy of the reef (i.e. the duration a system remains essentially unchanged) than its persistence (i.e. the property of a system to exist over long periods of time, and, contrary to the constancy, even with intermittent absence). However, assessing the constancy of the reef requires a constant monitoring of the reef over time to be able to detect any potential modification or disappearance of the reef, an almost impossible task. Hence, in our study, we Table 3 Best regression models for macrozoobenthic abundance, biomass, species richness and diversity in relation to L. conchilega densities, reef stability and reef spatial structures. 0 < p < 0.001 (***); 0.001 < p < 0.01 (**); 0.01 < p < 0.05 (*). lan, mean L. conchilega densities 2005e2008 log(x þ 1) transf.; stab, stability index; ca, total area; pd, patch density; coh, patch cohesion index.
Macrozoobenthic abundance (log(x þ 1) transf. used persistence as a proxy for the general stability of the reef as it is almost the only index that can be assessed using remote sensing methods (aerial photographs in our study). We expect that longterm persistence of the reef is highly correlated with long-term constancy of the reef as the most stable areas over long-term period are also likely to be the most stable over short-term periods. In the future, in addition to inter-annual persistence, it would be also interesting to assess the potential effects of the intra-annual persistence (seasonal changes) of the reef on benthic fauna. The second new result is the negative influence of patch densities on the macrozoobenthic abundance, biomass and species richness. Patch densities can be viewed as a proxy of the reef fragmentation which is thus negative for the benthic macrofauna. This result has to be explored more thoroughly, in the context of a rapid development of human activities fragmenting Lanice conchilega reefs in European coastal areas. Beam-trawling and clam cultivation Godet et al., 2009b ) are among human activities for which negative impacts on the fauna associated to L. conchilega reefs have been demonstrated. Such activities leading to a spatial fragmentation can thus also have an impact on non-directly impacted L. conchilega reefs by fragmenting them.
An unexpected result is the negative influence of the stability of the reef on the biomass although an additional analysis showed that this effect is mainly due to Cerastoderma edule biomass. By excluding C. edule from the total biomass we found no significant relation between the stability of the reef and macrozoobenthic biomass. The sampled C. edule corresponded to juveniles, which can form very mobile aggregations. In the Wadden Sea, Zühlke et al. (1998) also showed that the only macrofaunal species whose densities were not linked with Lanice conchilega aggregations was another species of bivalve (Mya arenaria), at a juveline stage.
Reef stability and benthoscape structures have a structuring effect on benthic assemblages
The structuring effect of Lanice conchilega on benthic fauna was demonstrated by several authors (Zühlke et al., 1998; Zühlke, 2001; Callaway, 2006; Rabaut et al., 2007; Van Hoey et al., 2008) . Here, we highlighted that the stability of the reef can have a more structuring effect on benthic assemblages than L. conchilega densities. The other factors best explaining macrozoobenthic assemblages are mainly the total area index and the cohesion index, positively explaining the homogeneity of the assemblages. The most stable, Fig. 3 . nMDS plot of the macrozoobenthic abundance data (log(x þ 1) transformed) obtained in 80 samples and based on the Bray-Curtis similarity. Arrows represent the 6 factors significantly explaining the ordination and surface fitting represents the 2 factors best explaining the ordination (R 2 > 0.25). lan ¼ mean L. conchilega densities 2005e2008 (log (x þ 1) transformed); stab, stability index; ca, total area; pd, patch density; coh, patch cohesion index; frac, mean perimeter-area fractal dimension.
dense, extended and cohesive parts of the reef thus host the most homogeneous assemblages.
Comparison with other benthic structured habitats
The positive effect of tube-building polychaete aggregations on benthic fauna is a well-known phenomenon, demonstrated for other species, such as Owenia fusiformis (Fager, 1964; Somaschini, 1993; Barnay, 2003) or Diopatra cuprea (Woodin, 1978) . However, to our knowledge, Dubois et al. (2002) were the only authors demonstrating an effect of three discrete spatial structures of a worm-reef on the associated fauna (corresponding to three stages of the reef evolution: degraded reef stage, ball-shaped structures, platform stage). Thus, the quantification of benthoscape structures and their influence on the associated fauna applied to coastal worm-reefs is new.
In addition to kelp beds (e.g. Dayton, 1994) , coral reefs (e.g. Aronson and Precht, 1995; Murdoch and Aronso, 1999; GroberDunsmore et al., 2008) , mussel and oyster beds (DeAlteris, 1998; Smith et al., 2001) , the major biogenic habitats studied from a benthoscape perspective concerned seagrass habitats (see the review of Boström et al., 2006) . However, it is very difficult to compare our results on worm-reefs with the results obtained on seagrass. According to Boström et al. (2006) no clear patterns emerged when seagrass habitat patch size were tested among the most studied faunal groups, and seagrass habitat fragmentation effects on decapods, bivalves and fish have been inconclusive.
Coastal worm-reefs, such as Lanice conchilega reefs, but also those generated by Sabellaria alveolata, Sabellaria spinulosa or Serpula vermicularis seem to be convenient models to understand the influence of spatial characteristics of aggregative engineer species on the associated fauna. Consequently, contrary to softsediment benthoscapes without biogenic patches that are difficult to map and define (Zajac, 1999) , such structured habitats can be easily mapped, monitored and their spatial structures can be easily quantified.
Conclusions
This study provides first results on the application of benthoscape ecology to worm-reefs and highlights the importance of stable and non-fragmented parts of the studied reef for macrozoobenthic biodiversity. However, these results cannot be directly generalised for all types of coastal worm-reefs and this approach should be also tested in the future on subtidal reefs (including subtidal Lanice conchilega reefs, the species being rather subtidal), less dense reefs or on other reef-building species. Benthoscape ecology applied to such coastal habitats is a promising approach in a conservation perspective. Yet, it enables to select the best areas to be conserved, including for example the most stable or less fragmented parts of a reef, and the quantification of the stability of L. conchilega aggregations is one of the key points to classify them as biogenic reefs (see Rabaut et al., 2009; Callaway et al., 2010) . It may justify their potential conservation in Europe as, from a conservation perspective, long-lived and stable biogenic concretions should have a greater value than comparable ephemeral habitats (Callaway et al., 2010) . Moreover, benthoscape ecology approach is a suitable methodology to better investigate the indirect impacts of human activities on the fragmentation of coastal habitats. In the future, it would be of value to test for the potential effects of stability and spatial structures of structured coastal habitats: (1) at different time scales to understand how temporal changes in spatial structures may influence biodiversity, (2) at different spatial scales and different taxonomic groups to assess how different species may be influenced by different fragmentation levels at different spatial scales. Moreover, the influence of spatial structures of coastal habitats could be investigated in the future on functional diversity, this component of biodiversity being recently investigated for the macrozoobenthic compartment (see Bremner, 2008) . Finally, it would also be of value to test the potential effects of 3D benthoscape structures of structured coastal habitats, for example using accurate remote sensing tools such as the LIDAR (Noernberg et al., 2010) . Table 4 Factors best explaining macrozoobenthic assemblages. The first two columns give direction cosines of the vectors, and R 2 gives the squared correlation coefficient. pValues are based on 999 permutations: 0 < p < 0.001 (***); 0.001 < p < 0.01 (**); 0.01 < p < 0.05 (*); 0.05 < p < 0.1 (. 
